The saponin and sapogenin composition of the aerial growth of 12 annual Medicago species sampled at full senescence were investigated. Saponins were extracted from the plant material and obtained in a highly pure grade by reverse-phase chromatography, with a yield ranging from 0.38 ± 0.04% to 1.35 ± 0.08% dry matter, depending on the species. Sapogenins were then obtained after acid hydrolysis of saponins, and evaluated by GC/FID and GC/MS methods. Different compositions of the aglycone moieties were observed in the 12 Medicago species. Medicagenic acid was the dominant aglycone in M. × blancheana, M. doliata, M. littoralis, M. rotata, M. rugosa, M. scutellata, M. tornata and M. truncatula, bayogenin and hederagenin in M. arabica and M. rigidula, echinocystic acid in M. polymorpha, and soyasapogenol B in M. aculeata. The purified saponin mixtures, characterized by different chemical compositions, were then used in a toxicity test using the brine shrimp Artemia salina. The most active compounds were the saponins from M. arabica and M. rigidula with LD 50 values of 10.1 and 4.6 g/mL, respectively. A structure-activity relationship for the tested saponin mixtures was observed.
The genus Medicago includes about 80 species, over 30 of which are annuals [1] . Lucerne (Medicago sativa L.) is a perennial forage species grown worldwide, while several annual species (generally referred to as 'medics') also have some regional relevance as pasture crops [2] . Medicago species are rich in saponins, which are high molecular weight triterpenic glycosides which have medicagenic acid, hederagenin, zanhic acid, bayogenin, oleanolic acid, and soyasapogenols A and B as the predominant aglycone moieties. They are reported to be responsible for various biological and physiological effects such as antimicrobial, fungistatic, insecticidal, allelopathic, cholesterol-binding, membrane depolarizing, and hemolytic properties, as reviewed in [3] . A cytotoxic activity has also been observed [4] and results on the in vitro antimicrobial activity against a selection of medically important yeasts and Gram-positive and Gram-negative bacteria have also been described [5] . Recently, a nematicidal effect of these substances has been investigated and their possible use in the agroindustry is hypothesized [6] .
Knowledge of the occurrence and chemical structure of saponins in Medicago spp. is limited due to the complexity of their composition, and only chemical investigations on M. arabica (L.) Huds. [7] , M. arborea L. [8] , M. hybrida Trautv. [9] , M. lupulina L. [10] , M. polymorpha L. [11, 12] , M. sativa [13, 14] and M. truncatula Gaertn. [15, 16] have been reported. Investigations of aglycone moieties by means of different techniques, such as TLC and GC, were another approach to correlate the saponin content and composition of the Medicago spp. and their biological properties [17] [18] [19] . Due to their importance as naturally occurring bioactive compounds, studies on their biosynthesis in the genus Medicago have also been carried out [20] .
In line with previous studies on the chemical composition of saponins from Medicago spp., and in search of natural bioactive substances, the aerial growth of 12 annual medics was analyzed in this study. Aims of the work were: (i) to identify saponins and sapogenins from several annual Medicago species; and (ii) to obtain The saponin content, expressed as percentage of dry matter, of the 12 Medicago species under investigation is reported in Table 1 . The saponin amount varied according to the species, ranging from 0.38 ± 0.04% for M. rugosa Desrouss. to 1.35 ± 0.08% for M. scutellata (L.) Mill. Literature data on the total crude saponin content in aerial parts of annual medics are relatively scarce, and to our knowledge only data for M. arabica [7, 25] , M. polymorpha [12] and M. truncatula [15, 16] have been reported. The saponin content here recorded for the 12 medics is in agreement with, or slightly lower than literature data, that reported a crude saponin content of about 1.0-1.5% dry matter in annual medics at senescence. As also established for M. sativa, the most studied species of this genus [26] [27] [28] , saponin amount and composition may depend on several factors, such as genotype, environmental conditions, plant organ, stage of growth and plant age. A recent study of M. arabica showed that the leaf content of total crude saponins did not vary much throughout the vegetative and reproductive phases, while it decreased remarkably at plant senescence, passing from about 2.7 to less than 1.1% dry matter [25] .
The crude saponin mixtures, obtained in highly pure grade using the reverse-phase chromatographic steps here reported (see Experimental), were then used for the subsequent investigations. Aglycone moieties were examined to elucidate their composition.
Sapogenins were released after acid hydrolysis of the corresponding glycosides and then identified and quantified by TLC and GC analyses, using previously reported standard methods [7] [8] [9] 12, 18] . Figure 1 shows the chemical structure of the identified sapogenins. In Table 2 the quantitative data of these determinations are reported, expressing the results as the average percentage composition (means of three independent determinations ± standard deviation) of the total aglycones. queretaroic acid (10.2 ± 0.2%) that, together with 2-hydroxy queretaroic acid (4.3 ± 0.3%), are characteristic sapogenins of this species [7] . Echinocystic acid, detected as 67.3 ± 0.9% of the total sapogenins, was the dominant aglycone in M. polymorpha. This compound, together with its 23-hydroxy derivative, caulophyllogenin (see Figure 1 ), was only detected in this species [3, 11, 12] .
Soyasapogenol B was the dominant aglycone in M. aculeata (60.2 ± 1.6% of total sapogenins). This compound was also measured in relatively high amount in all the Medicago species here examined. Soyasapogenol B is the aglycone moiety of soyasaponin I, a common saponin of the Leguminosae family that has been found in all Medicago species so far studied [3] . The presence of soyasapogenol B in the plant material is revealed by the detection of soyasapogenols C, D and F obtained as artifact compounds from soyasaponin I under acidic conditions of hydrolyses [29] , and its amount was obtained by summing the amounts of the single artifact sapogenins.
The obtained saponin mixtures were used for the toxicity test with the brine shrimp Artemia salina, and the LD 50 values were estimated after 48 h of incubation. Species LD 50 values with the respective 95% fiducial limits are reported in Table 3 .
Medic species could be broadly classified into three groups (with some slight overlapping) based on their toxicity levels. Three species, viz M. littoralis, M. aculeata and, particularly, M. doliata, were characterized by low toxicity, with LD 50 values comprised between 114.5 and 181.3 µg/mL. A group of six species had similar and somewhat intermediate toxicity thresholds, with LD 50 values ranging between 64.7 and 74.2 µg/mL. M. truncatula, with a LD 50 value of 90.1 µg/mL, could not be separated statistically from this group of six species. Finally, two species, namely M. arabica and M. rigidula, featured high toxicity, with LD 50 values of 10.6 and 4.1 µg/mL, respectively (Table 3 ).
These differences between species can be accounted for by the different chemical composition of the respective saponin mixtures. The higher toxicity of M. arabica and M. rigidula saponins can be ascribed to the higher content of hederagenin and bayogenin glycosides that characterize these two species compared with the other investigated medics ( Table 2 ). These glycosides were reported to be very active compounds in several biological tests using different microorganisms [3, 5] . Lower toxicity was instead reported for saponins of medicagenic acid, zanhic acid and soyasapogenol B [3, 5] that are the main saponins detected in the other Medicago spp. under investigation, except M. polymorpha, where a higher amount of echinocystic acid was quantified ( Table 2) .
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The current data showed a wide range of saponin content in the 12 annual medics, and a different biological activity mainly related to their composition. These differences in saponin/sapogenin composition suggest different pathways among species for the biosynthesis of these metabolites, resulting in different compounds. Annual medics could be a good source of metabolites with specific chemical structures and different biological activities to be possibly used for different purposes. 
Isolation and purification of saponins:
Oven-dried (at 60°C) and powdered leaves (about 50 g for each species) were defatted with CHCl 3 in a Soxhlet apparatus and the saponins extracted from the defatted material with 80% MeOH under reflux for 48 h. The solvent was removed under reduced pressure, and the residue resuspended in 30% MeOH. The solution was applied onto a 50 × 20 mm, 40-63 µm LiChroprep RP-18 column (Merck, Darmstadt, Germany), preconditioned with 30% MeOH. Elution was carried out with 40% MeOH (250 mL) to remove sugars and some phenolics and crude saponins were then eluted with 90% MeOH (200 mL) and dried under vacuum. Saponin mixtures were obtained as white-brownish powder in highly pure grade. Three independent extractions were performed on each sample and the combined saponin mixtures used for subsequent analyses.
Hydrolysis of saponins:
Crude saponin mixtures (10 mg) were treated with 10 mL of 2 N HCl in 50% MeOH and refluxed for 8 h. After cooling, methanol was eliminated under vacuum, 20 mL of water were added and aglycones were extracted with ethyl acetate (2 × 10 mL). The organic solution was treated with anhydrous Na 2 SO 4 , the solvent removed under vacuum and the obtained sapogenin mixture used for GC/FID and GC/MS analysis. Three independent hydrolyses were performed on each sample.
Analysis of sapogenins:
Aglycones were identified by TLC, GC/FID and GC/MS. Sapogenins were compared with previously identified sapogenins from Medicago spp. [7] [8] [9] 12, 18] by TLC (Merck silica gel 60H) elution with either light petroleum/CHCl 3 /AcOH (7:2:1) or benzene/MeOH (9:1), and they were visualized by spraying the developed TLC with MeOH/acetic anhydride/sulfuric acid (10:1:1 v/v), followed by heating at 120°C. Sapogenins were also analyzed by GC/FID and GC/MS as their methyl-silyl derivatives. Aglycones were dissolved in 0.5 mL of MeOH and treated with CH 2 N 2 . Silylation was performed on the methylated sapogenin samples using 0.2 mL of a mixture of pyridine-hexamethyldisilazane-chlorotrimethylsilane (2:1:1) at 70°C for 10 min. Reacted samples were diluted with isooctane and analysed by GC/FID and GC/MS. GC/FID analyses were carried out using a Perkin-Elmer (Norwalk, CT) model 8500 GC equipped with a 30 m × 0.32 mm i.d. Elite-5MS (5% phenyl methylpolysiloxane) capillary column (0.25 m film thickness). Samples (0.5 µL) were injected in the 'splitless' mode with a column temperature programme of 90°C for 5 min, increased at 20°C/min to 250°C for 1 min and then increased at 4°C/min to 350°C for 15 min. Injector and detector were set at 300 and 350°C, respectively; the carrier gas was He with a head pressure of 12.2 psi. GC/MS analyses were carried out using a Perkin-Elmer Clarus 500 GC equipped with a Clarus 500 mass spectrometer using the same capillary column and the same chromatographic conditions as for GC/FID analysis. Mass spectra were acquired over a 50-850 amu range at 1 scan/s with ionizing electron energy of 70 eV, and ion source at 230°C. The transfer line was set at 300°C, and the carrier gas was He at 1.5 mL/min. Retention times and MS were compared with those of previously identified sapogenins [7] [8] [9] 12, 18] . The relative amount of individual sapogenin is expressed as percent peak area relative to total peak area from GC/FID analysis of the whole extracts. For each species, results were expressed as the mean of 3 independent determinations ± standard deviation.
Toxicity assay with Artemia salina: The toxicity of saponin extracts was determined on a population of the brachiopod microcrustacean Artemia salina obtained from dehydrated eggs purchased in a specialized store. Eggs were incubated in a hatching chamber with artificial seawater obtained by dissolving 38 g of sea salt in 1 L of distilled water. The container was maintained at a controlled temperature of 26 ± 2°C in a thermo-regulated chamber, with a 12:12 h light-darkness regime and oxygen saturation. After 24 h of egg hydration, the culture exhibited individuals in the stage of nauplium I, the first larval stage of early normal development. Active nauplii free from eggshells were then collected with a pipette and used for the assay. Larvae were not fed during the test period since their digestive system is still non-functional.
Ten nauplii were introduced into each test tube, including the control group, with 5 mL of artificial seawater. For each saponin extract (one per medic species), 5 concentrations in triplicate were tested to determine the dose-response relationship. Saponin solutions were prepared at the concentration of 10 mg/mL in water and then properly diluted to obtain the final test concentrations of 5, 10, 25, 50 and 75 g/mL. Tubes with the 5 saponin concentrations and the control treatment with no saponins were placed in the thermo-regulated chamber. After 48 h, live larvae were counted and 840 Natural Product Communications Vol. 7 (7) 2012
Tava & Pecetti the LD 50 value for each species was estimated using the Probit analysis [30] through the appropriate SAS procedure [31] .
